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Is water structure around hydrophobic groups clathrate-like?
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ABSTRACT The term “clathrate structure” is quantified
for solvation of nonpolar groups by enumerating hydrogen-
bonded ring sizes both in the solvation shell and through the
shell-bulk interface and comparing it to a bulk control using
the ST4 water model. For clathrate-like structure to be
evident, the distributions along the hydrophobic surface are
expected to be dominated by pentagons, with significant
depletion of hexagons and larger polygons. While the distri-
bution in this region is indeed distinguished by a large number
of pentagons, there are significant contributions from hexa-
gons and larger rings as well. Calculated polygon distribu-
tions through the shell-bulk interface indicate that when
water structure is highly cooperative along the hydrophobic
surface, hydrogen-bonded pathways leading back into bulk
are then reduced. These results are qualitatively consistent
with the observation that hydrophobicity is proportional to
the nonpolar solute surface area.

The connection between the thermodynamics of aqueous
solvation of small hydrocarbons and the structure of water
around these small entities is still not understood (1-12).
Calorimetry experiments have shown that there is a propor-
tionality between the unfavorable entropy signature at room
temperature and hydrophobic surface area (1-4). Often
“clathrate-like” behavior of water around these nonpolar
molecules is invoked as a summarizing and simplified picture
of the water structure attribute of this unfavorable entropy
(1-4, 13-16), although the validity of such an analogy has not
been characterized quantitatively.

The appropriateness of the term “clathrate behavior” as
applied to water structure close to nonpolar guest molecules is
analyzed directly. Non-short-circuited hydrogen-bonded path-
ways are calculated that close on themselves (17) for water
molecules in the first solvation shell of the hydrophobic solutes,
and the resulting polygon distribution is compared to that for
arbitrary points in the liquid. There are striking differences
between bulk liquid water—~1:1 ratio of pentagons to hexa-
gons, with evident contributions from both smaller and larger
polygons (17)—and clathrates, where the pentagonal rings
outnumber hexagons in a ratio of ~8:1, with usually no lower
and no higher order polygons present (18). This suggests that
deviations toward larger numbers of pentagons and depletion
of higher order polygons, especially hexagons, would be evi-
dent for water structure in the solvation shell surrounding
nonpolar groups. For the process of hydrophobic association
between two nonpolar solutes, further distinctions might be
found defined by the non-short-circuited polygon counts for
solute—solute separations corresponding to calculated free
energy minima and barriers (7-12).

Models and Polygon Enumeration
A thermodynamic study of methane association at 298 K and

1.0 g/cm3 by using both the ST4 model of water (19) and a new
one-site potential for liquid water (12, 19, 20) have recently
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been presented. A detailed presentation of the potential
models and simulation protocols have been discussed (12, 20);
200 coordinate sets were saved in the ST4 simulations for each
perturbation window in order to generate the distributions
discussed here. It is well established that rather small changes
in the methane—water interaction parameters can result in
reordering of the free energy minima where the solutes are
either in contact or are so-called solvent separated (7, 8, 11).
One aspect of the present study is to try to distinguish the
structural origin, if any, of this reordering by comparing
differences in polygon distributions generated from configu-
rations using owmeo = 3.200 A [favoring the solvent-separated
region (7, 8)] and omeo = 3.445 A [favoring the contact
minimum (7, §, 11)].

In the region of the two methanes, a water molecule is
considered to be in the first solvation shell if its oxygen center
lies within 5.5 A of either methane. The relative methane
distances considered are 3.85, 5.25, and 6.875 A, corresponding
to regions near the contact, barrier, and solvent-separated
stationary points on the free energy curve (7-12). When
structurally distinguishing these regions from elsewhere in the
solution, the following control is defined. An arbitrary point in
the simulation box is chosen, and a second point is identified
whose distance is equal to one of the above relative solute—
solute distances. Around each of these two points, a sphere of
radius 3.0 A is drawn, and all water molecules whose oxygen
centers lie within this region are eliminated. Any water mol-
ecule that lies within the spherical shell between 3.0 and 5.5 A
is designated a bulk control water. Several shells can be defined
in this way, and 10 such control shells have been evaluated for
all coordinate sets for the calculations reported here.

Non-short-circuited polygons are formed by starting on any
molecule i and exhaustively searching for pathways defined by
nearest neighbors, which after n steps return to molecule i (17).
An energy criterion is used to define the nearest neighbors of
molecule i—molecule is a nearest neighbor if their interaction
energy E; falls below some threshold V. (17). The values V, =
—4.5, —4.0, —3.5, —3.0, and —2.5 kcal/mol (1 cal = 4.184 J)
have been considered. Only the value V., = —3.5 kcal/mol is
reported since it provides the best balance between statistical
significance and greatest structural differentiation. Given this
value of V¢, a nearest-neighbor list for all water molecules in
some chosen region can be made. Two regions have been
considered to construct polygon distributions from a region
along the hydrophobic surface and a region that interfaces with
bulk. In the first region a nearest-neighbor list for a water
molecule in the ~2.5-A shell constructed from all water
molecules whose oxygen atoms are also present in the same
shell and whose interaction energy falls below the threshold V,
is generated. This definition makes sense since the view that,
compared to shells of water with no large excluded volume,
clathrate cages might be present in the first solvation shell or
that unusual structure might occur along the hydrophobic
surface is being tested. The second region considers a nearest-
neighbor list for all water molecules in the 2.5-A shell con-
structed from all water molecules whose oxygen atoms are not
present in the same shell, with an interaction energy below V.
This region attempts to discriminate how the solvation shell
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water interfaces with the bulk when unusual structure occurs
along the hydrophobic surface.

Polygon counts are enumerated as follows. If a given water
molecule has fewer than two nearest neighbors, it can never
serve as a polygon vertex. Each molecule was individually
considered and all polygons that terminate in three steps to
form triangles were determined. All polygons that terminate in
four steps were then determined for each molecule; whether
these ijkl quadrilaterals are short-circuited by a nearest-
neighbor ik interaction or jl interaction was carefully consid-
ered. If so, that quadrilateral is not counted, and the two
resulting triangles have already been enumerated in the pre-
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vious step. This procedure continues for successively larger
polygons. The trends reported below do not change apprecia-
bly beyond 11-sided polygons, and I therefore have stopped
polygon enumeration at this maximum size.

Results

The polygon distributions in Figs. 1-3 were generated from
water configurations around two methanes separated by 3.875,
5.25, and 6.875 A, respectively, using omeo = 3.200 A. Figs. 14,
24, and 34 compare polygon distributions with nonpolar
groups (shaded bars) and without nonpolar groups (solid bars)
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Fic. 1. Polygon enumeration for shell (shaded bars) and bulk control (solid bars) for free energy contact minimum using omeo = 3.2 A and
emeo = 0.2134 kcal/mol. (4) Polygon count along hydrophobic surface. (B) Polygon count through shell-bulk interface.
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Fic.2. Polygon enumeration for shell (shaded bars) and bulk control (solid bars) for free energy barrier using omeo = 3.2 A and emeo = 0.2134
keal/mol. (4) Polygon count for region along hydrophobic surface. (B) Polygon count through shell-bulk interface.
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FiG. 3. Polygon enumeration for shell (shaded bars) and bulk control (solid bars) for free energy solvent-separated minimum using omeo =
3.2 A and emeo = 0.2134 kcal/mol. (4) Polygon count for region along hydrophobic surface. (B) Polygon count through shell-bulk interface.
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in the region along the hydrophobic surface. The most striking
structural feature that emerges is the larger number of pen-
tagons along the hydrophobic surface when hydrophobic
groups are present, which is consistent with clathrate analo-
gies. However, there are also significant contributions from
hexagons and larger polygons (especially for larger methane—
methane separations), which is inconsistent with clathrate
behavior. Furthermore, the absolute numbers of all polygon
sizes in a 2.5-A shell along the hydrophobic surface are greater
when hydrophobic groups are present, with the absolute
number of pentagons being 1.5-5.0 times larger than the bulk
control. By contrast, the bulk water control has networked
within the shell quite differently. The number of tetramers is
quite large relative to pentagons. This implies that without the
presence of the hydrophobic solutes, the shell fulfills its higher
order polygons through its interface with the bulk. Restricted
to a definition of non-short-circuited polygons with all vertices
present in the same shell, however, only short polygons are
possible. The bulk control indicates that the water network is
multidirectional around an arbitrary point, with directions
penetrating the shell-bulk surface as important as networking
within the shell.

This is indeed verified by comparing Figs. 14, 24, and 34
with Figs. 1B, 2B, and 3B. It is shown that the largest polygon
(11-sided) dominates all distributions because of the definition
of how nearest neighbors can be constructed through the
shell-bulk interface. This definition does not permit other
shell waters to be a nearest neighbor, which therefore elimi-
nates much of the local structure that will give rise to smaller
polygons. However, it is evident that fewer pentagons are
present in the direction through the shell-bulk interface when
hydrophobic groups are present compared to the bulk water
control. Furthermore, the bulk control now shows the greater
number of complete polygons compared to that when hydro-
phobic groups are present. Therefore, extensive networking
within a water layer next to hydrophobic groups clearly restricts
the number and type of hydrogen pathways that lead back into
bulk water. The structural differences arising from the pres-
ence or absence of nonpolar groups is generic to all relative
methane—-methane distances and/or methane-water parame-
ters. These results provide direct evidence that clathrate
analogies are qualitatively valid in that there are larger num-
bers of pentagons. However, the analogy breaks down because
of the still significant presence of larger polygons (especially
hexagons), which also contribute to greater structural organi-
zation along the surface of excluded volume regions. It is also
important to emphasize that the absolute number of any given
polygon size is less than the number of coordinate sets used to
generate the distributions, indicating that any organized struc-
ture is continuously formed and unformed.

A competition between exposed surface area and structural
organization along the surface might give rise to free energy
stationary points along a reaction coordinate of distance
between two nonpolar solutes. The free energy minimum
where the two solutes are in contact is entropically stabilized
since fewer water molecules are involved compared to when
they are separated by distances greater than ~4.0 A; this is true
regardless of the methane-water parameter set used. Station-
ary points in the free energy at greater solute—solute separa-
tions would then arise from structural differences that desta-
bilize or stabilize the barrier and the solvent-separated mini-
mum where the solutes are separated by a water molecule or
layer. It is evident from Figs. 1 and 3 that there is a significant
increase in the number of pentagons in the favored solvent-
separated region along the hydrophobic surface, and a corre-
sponding increase in large polygons, compared to other regions
on the reaction coordinate. Furthermore, the number of
pathways describing pentagons leading back into bulk is most
reduced in the contact region as well and is less diminished in
the solvent-separated region. The polygon distributions gen-
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erated in the barrier region show greater structural organiza-
tion compared to the contact minimum. In fact, the distribu-
tions at the barrier more strongly resemble the solvent-
separated region, although compared to that minimum the
absolute numbers of pentagons, hexagons, and heptagons are
fewer at the barrier. Apparently the competition between
benefits gained by reducing surface area exposure and water
organization along the surface is nonoptimal in either case at
the barrier.

The polygon distributions in Figs. 4—6 are the same as in
Figs. 1-3 except for the use of the methane—water parameter
Omeo = 3.445 A. The preferred contact minimum (Fig. 4)
now shows comparable numbers of pentagons along the
hydrophobic surface when compared to the solvent-
separated region (Fig. 6). Furthermore, there is an increase
in pentagons at the shell-bulk interface at the contact
minimum (Fig. 4B) when compared to Fig. 1B. Apparently,
the increase in clathrate-like structure using a larger inter-
action length parameter combined with reduced surface area
now preferentially stabilizes the contact minimum. It is
interesting to note that the polygon distributions generated
in the barrier region (Fig. 5) now more strongly resemble the
polygon counts of the contact minimum.

Conclusions

This work quantitatively characterizes the view that solvent
ordering around hydrophobic solutes is due to clathrate
behavior, by enumerating non-short-circuited polygons using
the ST4 model, in the solvation shell around the hydrophobic
groups compared to an appropriate bulk control. While
pentagon contributions are much larger than the bulk con-
trol, quite significant contributions from larger rings also
exist. It would seem that analogies with clathrates are useful
by considering multidirectional sheets of water “pinched” by
larger numbers of pentagons in the vicinity of the solutes to
permit curling around them, analogous to the role that
pentagons play in the structure of the fullerenes. The
significant presence of polygon sizes larger than pentagons
might also contribute to the ability of the network to enclose
the solutes more effectively, since structural flexibility in-
creases with ring size. The persistent presence of large
polygons is obviously inconsistent with clathrate behavior
and reveals that clathrate analogies are nonetheless too
simple to explain the structural organization of water along
hydrophobic surfaces. It has also been shown that greater
structural organization along a hydrophobic surface will
result in diminished numbers and types of pathways with
which the shell waters can interface with the surrounding
bulk.

It is worthwhile considering the thermodynamic conse-
quences of the structural ordering in terms of closed hydro-
gen-bonded pathways reported here. (It is important to
emphasize that no direct connection between structure and
thermodynamics is made—i.e., through a formal statistical
mechanical theory.) Because of structural organization
along the surface, hydrogen-bonded pathways leading back
into bulk clearly become more limited. This might suggest a
molecular explanation for the observation that the hydro-
phobic effect, as measured by the large entropy change at
room temperature, is proportional to the hydrophobic sur-
face area, and the unfavorable entropy change may be partly
due to restrictions of interfacing with bulk. An additional
contribution to the unfavorable entropy of hydrophobic
solvation is the greater rigidity of five-membered rings.
Balancing this, entropic compensation is found by the
greater flexibility of larger polygons—more so than a net-
work of pentagons sharing sides to yield a rigid cage as in the
case for clathrate hydrates.
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FiG. 4. Polygon enumeration for shell (shaded bars) and bulk control (solid bars) for free energy contact minimum using omeo = 3.445 Aand
emco = 0.2134 kcal/mol. (4) Polygon count for region along hydrophobic surface. (B) Polygon count through shell-bulk interface.
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FIG. 5. Polygon enumeration for shell (shaded bars) and bulk control (solid bars) for free energy barrier using omeo = 3.445 A and eme0 =
0.2134 kcal/mol. (4) Polygon count for region along hydrophobic surface. (B) Polygon count through shell-bulk interface.
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FIG. 6. Polygon enumeration for shell (shaded bars) and bulk control (solid bars) for free energy solvent-separated minimum using omeo =
3.445 A and epeo = 0.2134 keal/mol. (4) Polygon count for region along hydrophobic surface. (B) Polygon count through shell-bulk interface.

Calorimetry data on the transfer of hydrocarbons from their
native state to water have clearly indicated that the hydrophobic
effect is temperature dependent and that the entropy signature at
room temperature gives way to enthalpy domination at higher
temperatures (3, 4). Furthermore, the heat capacity change is
large at room temperature, decreasing somewhat at higher tem-
peratures (3, 4). The “melting” of ordered water structure in the
vicinity of the nonpolar groups would certainly be consistent with
the temperature dependence (greater orientational freedom at
the expense of now broken hydrogen bonds) (1, 3). I might
elaborate on this idea with more specifics—that hydrogen-

bonded pathways involving large rings might be easier to maintain
as temperature increases, while smaller five- and six-membered
rings would be sacrificed. The loss of small rings would provide
the largest gain in entropy and a definite decrease in enthalpy.
Maintenance of only the larger rings would not be entropically
costly at higher temperatures and would explain the decreased
but still nonzero heat capacity at higher temperatures.
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